that resemble the composite strong winter monsoon pattern are simulated more or less weakly in CMIP5 compared to the observation. However, the regressed fields of sea level pressure, surface air temperature, 500-hPa geopotential height, and 300-hPa zonal wind are well established with pattern correlations above 0.83 between CMIP5 and observation data. The differences between RCPs and Historical indicate strong warming, which increases with latitude, ranging from 1 to 5 °C under RCP4.5 and from 3 to 7 °C under RCP8.5 in the East Asian region. The anomalous southerly winds generally become stronger, implying weaker EAWMs in both scenarios. These features are also identified with fields regressed onto the indices in RCPs. The future projections reveal that the interannual variability of the indices will be maintained with an intensity similar to that of the present. The correlation between monsoon indices and Arctic Oscillation increases over time. On the other hand, the correlation between monsoon indices and North Atlantic Oscillation decreases.
Introduction
The East Asian winter monsoon (EAWM), which is related to the Siberian High (SH), the Aleutian Low (AL), lowlevel northerly winds, and the surface air temperature over eastern China, Korea, and Japan, is the major climate component in East Asia (EA) during the boreal winter (Lau and Li 1984; Chang et al. 2006; Wang et al. 2013) . The interannual variability of EAWM is known to be associated with the El Nino-Southern Oscillation (e.g., Lau and Chang 1987; Zhang et al. 1996; Huang et al. 2004; Li et al. 2007 ; Abstract The changes in the winter climatology and variability of the East Asian winter monsoon (EAWM) for the late 21st century under the Representative Concentration Pathway (RCP) 4.5 and 8.5 scenarios are projected in terms of EAWM indices (EAWMIs). Firstly, the capability of the climate models participating in the Coupled Model Intercomparison Project phase 5 (CMIP5) in simulating the boreal winter climatology and the interannual variability of the EAWM for the late 20th century is examined. Nine of twenty-three climate models are selected based on the pattern correlations with observation and a multi-model ensemble is applied to the nine model data. Three of twelve EAWMIs that show the most significant temporal correlations between the observation and CMIP5 surface air temperatures are utilized. The ensemble CMIP5 is capable of reproducing the overall features of the EAWM in spite of some biases in the region. The negative correlations between the EAWMIs and boreal winter temperature are well reproduced and 3-5 years of the major interannual variation observed in this region are also well simulated according to power spectral analyses of the simulated indices. The fields regressed onto the indices 1 3 Wang et al. 2008) , the Arctic Oscillation (AO) (e.g., Gong et al. 2001; Wu and Wang 2002) , Tibetan Plateau effect (e.g., Zhisheng et al. 2001; Yanai and Wu 2006) , Eurasian snow cover (e.g., Watanabe and Nitta 1999; Wu and Wang 2002; Jhun and Lee 2004) , and autumn Arctic sea ice (e.g., Liu et al. 2012) . Therefore, the understanding, predictability and future projection of the EAWM variability are crucial in many respects, particularly for the various industrial activities and human life in the region.
The coupled general circulation model (CGCM) is an ultimate tool to describe the possible future change as well as the mechanism of EAWM (Kharin et al. 2007; Gong et al. 2014) . However, limited studies have been performed to enhance our understanding of the EAWM under future climate change scenarios (Wei and Bao 2012; Gong et al. 2014 ) because of its complicated thermodynamics . Using a CGCM, Hu et al. (2000) showed that the intensity of the EAWM weakens but the variances of the EAWM on the interannual and interdecadal scales are not much affected by global warming. Bueh (2003) simulated the changes of the EAWM using a CGCM under A2 and B2 scenarios and claimed that the global warming reduces the EAWM circulation. Hori and Ueda (2006) evaluated nine CGCMs and found that the weakening of the tropical local Hadley circulation is likely to weaken the EA Jet and the resultant EAWM under A1B scenario. These studies focused on the changes of the EAWM under global warming emissions scenarios (IPCC 2000) .
Compared with CMIP phase 3 (CMIP3), CMIP5 includes more comprehensive models which have higherspatial-resolution and more sophisticated treatment of the physical processes involved in the earth system, including the carbon cycle, ocean biogeochemistry, and dynamic vegetation processes (Taylor et al. 2012) . The new future forcing scenarios (Taylor et al. 2012 ) are also applied to CMIP5. Gong et al. (2014) assessed the interannual variability of the EAWM-related circulations of present-day simulations using 18 CMIP5 models and found that most of the models can capture and reproduce variabilities and circulations. Using CMIP5 model data, Wei and Bao (2012) argued that the EAWM became stronger and that interannual variability of temperature increased (decreased) around lower (higher) latitudes in future projections. Jiang and Tian (2013) evaluated the changes in the EAWM under the impact of global warming in 23 CMIP3 and 19 CMIP5 models and obtained similar results to Wei and Bao (2012) . Gong et al. (2014) analyzed the climatology and interannual variations of the EAWM under the current climate, Wei and Bao (2012) used a single CGCM, and Jiang and Tian (2013) focused on changes of the EAWM in terms of only time series and mean fields.
A representative and comprehensive index is often used efficiently in the EAWM studies .
Many researchers have tried to define the EAWM indices (EAWMIs) in order to quantify the strength of the EAWM. According to Wang and Chen (2010) , EAWMIs can be classified into four types: (1) east-west pressure gradient indices (e.g., Wu and Wang 2002; Chan and Li 2004; Wang et al. 2009b; Wang and Chen 2014) , (2) low-level meridional wind indices (e.g., Ji et al. 1997; Lu and Chan 1999; Yang et al. 2002) , (3) upper-level zonal wind shear indices (e.g., Jhun and Lee 2004; Zhu 2008; Li and Yang 2010) , and (4) EA trough indices (e.g., Wang et al. 2009a; Wang and He 2012) . The EAWM-related circulation and air temperature anomalies are well delineated by these indices (Ji et al. 1997; Jhun and Lee 2004; Chen 2010, 2014) .
Therefore, the present study goal is to examine the performance of reproducibility of the EA winter atmospheric circulations using the CMIP5 dataset and its future change under the Representative Concentration Pathway (RCP) 4.5 and 8.5 in terms of EAWMIs. Section 2 describes reanalysis datasets and presents a brief description of the models and analysis method. The CGCM performance for the simulation of the present-day climate is included in Sect. 3, and the future changes in the EAWM are presented in Sect. 4. Section 5 gives the summary and discussion.
Model and data
The European Centre for Medium-Range Weather Forecasts Reanalysis 40 (ERA40) dataset (Uppala et al. 2005) are used for air temperature at 2-m height (T2m), sea level pressure (SLP), 850-hPa zonal/meridional winds (UV850), 500-hPa geopotential height (Z500), and 300-hPa zonal wind (U300). The horizontal resolution of the dataset is 2.5° in both longitude and latitude. The sea surface temperature (SST) data used here are from the Hadley Centre Sea Ice and SST (HadISST) dataset (Rayner et al. 2003) , which has a 1° × 1° horizontal resolution. The ERA40 and HadISST datasets are referred to as observations, hereafter.
The T2m and SLP of 23 models that provide both Historical (present-day simulation) and RCP4.5/8.5 (future projections) datasets are evaluated in terms of the spatial correlation coefficient and the Empirical Orthogonal Function (EOF) analyses in association with EAWM. Among these models, we selected nine models of which the spatial correlation coefficient for the leading mode of EOF over EA (20°N-60°N, 100°E-150°E) between each model output for Historical and observation is larger than 0.8 for both T2m and SLP. The multi-model ensemble (MME) is an effective method to analyze the capability of models (Sperber et al. 2012 ) and the MME performs better than individual models in simulation and prediction, particularly over EA (Jiang et al. 2005; Chen and Sun 2013) . Thus, the model results are presented as an MME and the model data are regridded to the observation grids. The standardized anomalies are also used in this study considering the characteristics of MME that reduce the variation of variable compared to observation. The significance of the model results is estimated based on Student's t test.
The temperature is considered the most important meteorological variable representing EAWM (Wang and Chen 2010) . To choose suitable EAWMIs, the correlation coefficients between EAWMIs and winter T2m over EA (EA-T2m index), which is defined as the winter T2m anomaly averaged over the domain of 30°N-50°N and 110°E-140°E, are calculated (Table 2 ). In observation, the EAWMIs generally have close relationships with EAT2m. However, correlation coefficients between low-level meridional wind indices and EA-T2m are not significant in Historical. Hence, the EAWMIs that have the highest correlation coefficient with EA-T2m in each type excluding the meridional wind type are chosen in this study. In each type, indices of Wang and Chen (2014) (hereafter, I WC ), Jhun and Lee (2004) (hereafter, I JL ), and Wang and He (2012) (hereafter, I WH ) have robust correlations with EA-T2m in both observation and Historical. Therefore, the three EAWMIs defined as below are selected as the indices for this study. I WC = (2 × SLP 1 * -SLP 2 * -SLP 3 *)/2, I JL = U300 (27.5°N-37.5°N, 110°E-170°E) -U300 (50°N-60°N, 80°E-140°E), I WH = Z500 (25°N-45°N, 110°E-145°E), where SLP 1 *, SLP 2 *, and SLP 3 * indicate the normalized area-averaged SLP over (40°N-60°N, 70°E-120°E), (30°N-50°N, 140°E-170°W), and (20°S-10°N, 110°E-160°E), respectively .
In order to investigate the changes in teleconnection, five other climatic indices are also used in this study: (1) the North Pacific (NP) index, which is defined as the winter SLP anomaly averaged over the domain of 30°N-65°N and 160°E-140°W (Trenberth and Hurrell 1994) , (2) the Niño-3.4 index, which is defined as the SST anomaly averaged over the region of 5°S-5°N and 170°E-120°W, (3) the North Atlantic Oscillation (NAO) index, which is defined as half of the difference in the SLP anomaly between (40°N, 10°W) and (65°N, 20°W) (Hurrell 1995) , (4) the SH index, which is defined as the SLP anomaly averaged over the domain of 40°N-60°N and 80°E-120°E, and (5) the AO index, which is defined as the principal component of the first EOF mode for the winter SLP anomaly poleward of 20°N (Thompson and Wallace 1998) .
Evaluation of historical performance
The DJF mean bias of Historical and climatology of observation over EA are shown in Fig. 1 . The Historical results indicate lower (higher) SLP over the SH region and to the southwest of AL (over the Tibetan Plateau and to the north of AL). The warm (cold) bias at the surface is significant over the SH region extending to the zonal direction (over the Tibetan Plateau and the northwestern Pacific). The magnitude of the T2m bias is larger over land than over ocean. For the 850-hPa wind, the anomalous anticyclonic wind biases are located in the SH region and northern China in Historical. And the anomalous cyclonic circulation centered at around Primorsky Kray (Maritime Provinces of Siberia) is pronounced, resulting in weaker wind over the region of western branch of AL compared to the observation owing to the underestimated SLP gradient between SH and AL. In the middle troposphere, the negative bias in the Z500 is pronounced in the domain, particularly over the SH region and EA trough region. As a result, the trough is deep in Historical over the EA trough region, indicating a strong north-south gradient of Z500 compared to the observation. The stronger Z500 trough may be associated with model bias in simulating the global-scale geopotential height lower in the mid and high latitudes compared to the observation, resulting in a stronger polar vortex due to increased meridional geopotential height gradient . The center of the jet stream is shifted southward and the zonal wind speed weakens to the north of the observed jet location at 300 hPa in Historical. These results are similar to those of Gong et al. (2014) .
The time series of the normalized EAWMIs and the EAT2m index for observation and Historical during the boreal winter are illustrated in Fig. 2 . They generally exhibit the decadal weakening of EAWM after the mid-1980s in observation (Jhun and Lee 2004; Wang and He 2012; Lee et al. 2013; Wang and Chen 2014) . Three to six and four to eight strong and weak monsoon years, respectively, exceed positive and negative of one standard deviation (SD) of each index. The numbers of cold and warm years that exceed positive and negative of one SD of each index, respectively, are equal to six in observation. Among the three EAWMIs, strong positive I WH and I JL generally match with the strong negative EA-T2m index. However, not every strong positive EA-T2m index corresponds robustly to the negative EAWMIs, whereas the weak monsoons seem to closely match with the warm EA-T2m. In Historical, which shows a decadal change roughly similar with observation, the numbers of strong (weak) monsoon years are four to seven (six to ten), as in observation, except for those of the weak monsoon years of I WH . Historical also reasonably simulates the mutual relation between the positive (negative) EAWMIs and cold (warm) EA-T2m. Figure 3 displays the power spectra of each index for the observed and simulated EAWMIs. The primary (secondary) peaks of I WC , I JL , and I WH for observation are 3.7 (5.0) year, 3.7 (5.0) year, and 3.3 (5.0) year, respectively. Such interannual variabilities of the EAWMIs (Jhun and Lee 2004; Gao 2007) are also apparent in Historical; the major periods of I WC and I JL are both 3.3 year, and I WH exhibits a major period of 5.0 year. This implies that Historical actually captures the interannual variabilities found in observation in terms of the power spectra of the three indices.
The winter atmospheric fields regressed onto the EAWMIs in observation and Historical are exhibited in Figs. 4 and 5, respectively. These regressed fields are very similar to their composite patterns for strong monsoons (data not shown). In observation (Fig. 4) , the strong EAWM is characterized by the developed SH and the deepened AL, which are consistent with previous results (e.g., Jhun and Lee 2004; Chen et al. 2005; Wang et al. 2009; Gao et al. 2014) . Also, it is associated with colder T2m, strengthened northerly wind at 850 hPa, reinforced EA trough at 500 hPa, and increased jet stream at 300 hPa over EA. The patterns of regressed fields by the three EAWMIs are similar with each other. In more detail, the regressed SLP over the SH region, Z500 over the EA trough region, and U300 over the EA jet region are robust in I WC , I WH , and I JL , respectively, compared to the other two EAWMIs. The reason is because the indices of I WC , I WH , and I JL are defined by SLP, Z500, and U300, respectively, as illustrated in Sect. 2. In T2m especially, the fields regressed onto I WH are larger than those onto the other EAWMIs over the EA region.
The regressed patterns of SLP onto the indices are similar to the observation with pattern correlations of above 0.85 (Fig. 5) , although the fields of SLP regressed onto I WH (I WC and I JL ) are somewhat stronger (weaker) over NP in Historical than in observation. The regressed fields of SLP in Historical over SH are weaker than those in observation, since SH in Historical is simulated somewhat weaker than in observation (Fig. 1) . The cold anomaly centers of T2m and the flow patterns of wind anomalies resemble observation, although the simulated cold T2m anomalies over EA and northerly wind anomalies from SH and AL are relatively weak compared to observation. The spatial correlations in UV850 are the highest in I WH and the lowest in I WC . Regressed Z500 anomalies onto I WH in Historical are the most significant compared to the other EAWMIs, which are similar to observation. In the case of the regressed U300 fields, the jet streams are placed between 30°N and 40°N, which is similar to the position in observation with pattern correlations of above 0.87 in the three EAWMIs. Overall, Historical well captures the EAWMI-related atmospheric anomalies over the whole domain, albeit with systematic errors.
The correlation coefficients among the climatic indices including the EAWMIs for observation and Historical are summarized in Table 3 . In observation, the EAWMIs have robust positive (negative) correlations with SH (EA-T2m) (Jhun and Lee 2004; Wang and He 2012; Wang and Chen 2014) . I WC shows a weak (strong) negative correlation with NP (Niño-3.4), whereas I JL and I WH are strongly (weakly) related with NP (Niño-3.4). The I WC and I WH have negative relationships with NAO and AO. The NAO and AO are highly correlated because they are two paradigms of one phenomenon (Wallace 2000) . The Nino-3.4 has a significant negative correlation with NP in observation. The correlation coefficients between EA-T2m and the other indices except Niño-3.4 are strongly significant. According to Wang and He (2012) , the weak correlation between EA-T2m and Niño-3.4 might be related with the diminishment of the significant out-of-phase relationship between EAWM and Niño-3.4 after the 1970s.
Historical generally shows similar teleconnections to observation among the indices (Table 3) . Especially, the correlation coefficients between the EAWMIs and climatic indices in Historical are close to those in observation. Although the EAWMIs and AO (Niño-3.4 and NP) relationships in Historical are weaker than those in observation, Historical captures the same negative correlations as observation does. Therefore, Historical reasonably well 
Winter climate changes under RCPs
The changes in EAWM during the late 21st century under the RCP4.5 and RCP8.5 scenarios are analyzed. The anomaly difference fields between RCPs and Historical over EA for 30-year boreal winters are summarized in Figs. 6 and 7. In RCP4.5, the SLP anomaly in the regions above 40°N centered at around the northern NP (central NP area) becomes negative (positive), indicating AL to shift poleward (Fig. 6a) . This increases the horizontal pressure gradient between the SH and AL regions, but decreases the gradient between the SH and NP regions. Thus, the anomalous southeasterly low-level winds and the anomalous anticyclonic circulations occur over the western NP region, resulting in a weakening of the cold advection by climatological northwesterly winds around the Korean peninsula and south of Japan, in particular, and the anomalous westerly wind around 40°N-45°N in the eastern domain (Fig. 6b) . That is, near the East Asian coastal region, the northerly is weakened. However, from Lake Baikal to northeast Japan (from the Indo-China Peninsula to the South China Sea), the northwesterly (northeasterly) is intensified.
The surface air temperature is determined by local advection, adiabatic compression/expansion and diabatic processes such as radiative heating and sensible/latent heat Fig. 4 , but for Historical. The upper-right digits are the spatial correlations between observation and model output over the region 10°N-60°N and 80°E-160°E exchanges between the surface air and earth surfaces. With the increased greenhouse gases, the surface air temperature is deemed to increase in the long-term with a larger increment in the higher latitude. Relatively large warming of T2m in the higher latitude is attributed to feedbacks associated with changes in snow cover and sea ice (Serreze et al. 2007; Comiso et al. 2008; Soden et al. 2008; Graversen and Wang 2009; Kumar et al. 2010) . Also the horizontal transport of globally increased latent heat into the Arctic is also known to induce the enhanced warming near the poles (Alexeev et al. 2005; Cai 2005; Langen and Alexeev 2007; Kug et al. 2010) , which is mainly confined in the lower layer of the atmosphere since the air is statistically stable in the higher latitude. Such latitudinal distributions of T2m are also shown in Fig. 6c . Figure 6d shows the net total radiation at the surface (downward positive). According to the figure, the positive net surface radiative heating is widely spread throughout the whole domain during the boreal winter, except around the Heilongjiang region in China. The relatively large positive regions are zonally distributed around 20°N-40°N, centered at around the South China Sea. The positive net radiation at the surface is mainly due to the decrease of cloudiness over the area (Fig. 6e) , as inferred from the spatial patterns of the two variables which are similar. According to the net sensible and latent heat fluxes at the surface (downward positive) (Fig. 6f) , there is relatively large net positive (negative) heating in the south of Japan (East Sea/Sea of Japan and Sea of Okhotsk). Thus, in addition to the latitudinal increase of T2m described above, the relatively large increase of T2m over the Korean Peninsula, southern part of Japan and eastern and southern parts of China (Fig. 6c) may be, to some extent, attributed to the anomalous warm temperature advection associated with the anomalous low level wind from the region of increased radiative heating and increased net surface latent and sensible heat fluxes.
The increase of lower level temperature induces the thickness increase (Fig. 6g) . The increase of Z500 is more significant at the central region (particularly in the eastern edge) of the analysis domain. As a result, meridional gradients of pressure and T2m are increased and decreased at the northern and southern regions of the domain, respectively. Consequently, EAWM in RCP4.5 is diminished at the southern region of the domain compared to Historical, resulting in the northward movement of the jet stream (Fig. 6h) due to the changes of meridional temperature gradient.
In RCP8.5, the SLP change is similar to the change in RCP4.5 (Figs. 6a and 7a) , except for the more decreased Fig. 6 , but for the differences between RCP8.5 and Historical (increased) horizontal pressure gradient between SH and NP (SH and AL). The differences in T2m (Figs. 6c and 7c) and Z500 (Figs. 6g and 7g ) between RCP4.5 and RCP8.5 are more prominent compared to the other variables. The warming in T2m is generally significant over the north region compared to the south region in the domain. T2m and Z500 increase by more than 2 °C and 40 gpm, respectively, in most of the domain compared to RCP4.5. Thus, the EA trough in RCP8.5 is projected to be weakened more than in RCP4.5. In addition, the anomalous southeasterly winds over the over the Korean Peninsula, southern part of Japan and eastern China are slightly stronger than those in RCP4.5 (Fig. 7b) . For U300, the changes in RCP4.5 are distinct over the NP region, where as those in RCP8.5 increase to the north of 35°N and decrease between 20°N and 35°N in the eastern domain (Figs. 6h and 7h) . The weakening of the jet stream in both RCPs is attributed directly to the increased thickness and temperature in the middle troposphere because the meridional temperature gradient is weakened due to the enhanced warming over the northern region in T2m. Overall, such changes are more pronounced in RCP8.5 than in RCP4.5, including net total radiation (Figs. 6d and 7d) and net surface latent and sensible heat fluxes (Figs. 6f and 7f) . Figure 8 shows the time series of normalized anomalies of the EAWMIs and EA-T2m under RCP4.5 and RCP8.5, including Historical, during the boreal winter. The time series for RCP4.5 demonstrate decreasing trends in the EAWMIs at a rate of −0.015/year in I WC , −0.004/ year in I JL , and −0.026/year in I WH , and an increasing trend in EA-T2m at a rate of 0.025/year (Fig. 8a) during 1971/72-2099/100. These are significant at the 5 % significance level except for I JL . Compared to Historical, 30-year averages of the EAWMIs and EA-T2m are decreased and increased, respectively. The 30-year average differences between RCP4.5 and Historical (RCP4.5 minus Historical) are −1.67 in I WC , −0.42 in I JL , −2.54 in I WH , and 2.50 in EA-T2m. The larger the negative value, the weaker the EAWM and the warmer winter in EA in terms of EAWMI and EA-T2m, respectively. These all negative values indicate that EAWM and winter temperature in RCP4.5 will become weaker and warmer than those in Historical, respectively. Weak monsoons and warm EA-T2m based on the −1.0 SD for the EAWMIs and 1.0 SD for EA-T2m of each index are clearly increased in RCP4.5; while strong monsoons (above 1.0 SD) during 2070/71-2099/100 occur only twice in I JL and do not occur in either I WC or I WH , and cold EA-T2m is not projected below −1.0 SD. Thus, the years of weak monsoon well match with those of warm EA-T2m in the projection.
In RCP8.5, for 129 years, I WC (−0.013/year), I JL (−0.005/year), and I WH (−0.026/year) all exhibit decreasing trends that are significant at the 5 % significance level (Fig. 8b) . In the case of EA-T2m, the trend (0.026/year) is significantly increasing as in RCP4.5. The 30-year mean differences of the EAWMIs between RCP8.5 and Historical (RCP8.5 minus Historical) are −1.36 in I WC , −0.57 in I JL , and −2.63 in I WH , and that of EA-T2m is 2.62. The absolute values of these results are larger than the differences between RCP4.5 and Historical except for I WC , which implies that the stronger global warming induces the weaker winter monsoon and the warmer winter. The numbers of weak monsoon years and warm EA-T2m years increase over time with larger rate than RCP4.5.
The major peak periods of I WC and I JL based on RCP4.5 and RCP8.5 are similar (3.7 year) and longer (5.0 year) than that based on Historical, respectively (Fig. 9) . The peak periods of the two indices in RCP4.5 and RCP8.5 are 1 3 significant at the 10 and 5 % significance levels, respectively. In the case of I WH , the dominant periods are 3.0 year in RCP4.5, which is shorter than that in Historical, and 5.0 year in RCP8.5, which is the same as that in Historical. Compared to Historical, the interannual components in the EAWMIs are predominant but the interdecadal components are not significant in either RCP. That is, the period of EAWM except for I WH is projected to increase in RCPs compared to Historical. Figure 10 shows regression maps of winter atmospheric variable anomalies with respect to the EAWMIs under RCP8.5. The patterns of regressed fields in RCP4.5 are not shown because those in RCP8.5 and RCP4.5 are similar with each other. The fields of SLP, T2m, and UV850 regressed onto the EAWMIs in RCP8.5 are slightly shifted northwestward compared to those in Historical in Fig. 5 . Compared to Historical, the locations of SH, AL and the center of the low-level circulation over the northwestern Pacific are moved more poleward, the T2m becomes less cold, and the EA trough is generally weakened. The field of SLP (T2m) regressed onto I WC (I WH ) is significant over the SH region (north to 30°N) compared to the other fields of SLP (T2m) regressed onto the other two EAWMIs. All the regressed fields of T2m over EA are warmer than Historical, indicating a warm winter in RCP8.5. The northerly winds at 850 hPa are also weakened over the domain. In addition, the fields of Z500 regressed with respect to I WC and I JL are decreased compared to Historical. The jet stream at 300 hPa is weakened, particularly in the fields of U300 regressed onto I WC and I JL . Table 4 illustrates the reduced (enhanced) correlation between the EAWMIs and Niño-3.4 (AO) in RCP4.5 compared to Historical. The relationship between the EAWMIs except for I WH and NP is increased, and between the EAWMIs and NAO tends to be reinforced in RCP4.5. The negative correlation between EA-T2m and AO is significant at the 5 % significance level. The relationship between the EAWMIs except for I WH and SH (EA-T2m) remains strong. Compared to Historical, the teleconnection between NP and other climatic indices except for I WH tends to be increased. The positive correlation between AO and SH is also significantly enhanced.
In RCP8.5, the correlation between the EAWMIs is as strong as in Historical and RCP4.5 (Table 4) . Different from RCP4.5, the relationship between EAWM and NP is decreased compared to Historical. In addition, the negative correlation between EAWM and Niño-3.4 is enhanced, especially in I WH . There is almost no correlation between EAWM and NAO in RCP8.5. Similar to Historical and RCP4.5, EAWM is strongly related with SH and EA-T2m. The teleconnection between EAWM and AO is increased in RCP8.5 compared to Historical. For NAO, the correlation coefficient with AO remains strong, but that with EA-T2m is reduced. The relationship of EA-T2m with AO is significantly increased compared to Historical (not to RCP4.5).
Discussion and summary
The boreal winter climate changes have been projected under RCP4.5 and RCP8.5. The changes of climatology, interannual variations, and regressed fields have been analyzed in terms of the EAWMIs. For this, nine climate models were selected based on pattern correlations with observation in terms of EOF from SLP and T2m. Then, MME was applied to these model outputs. In addition, the three EAWMIs that had robust temporal correlations with EAT2m in both observation and CMIP5 were used for the further analysis. This study firstly analyzes the performance of climate models from CMIP5 in simulating the boreal winter circulation over EA using the EAWMIs. Although the simulated DJF mean fields exhibit some biases over EA, the general patterns in Historical are similar to those in observation. The negative matching between the EAWMIs and EAT2m are well reproduced. Power spectral analyses of the simulated indices exhibit an interannual variability with major peaks occurring in 3-5 years, as in the observation. The fields regressed onto the EAWMIs, which resemble the composite of strong winter monsoon pattern, are simulated somewhat weakly in CMIP5 compared to observation. However, the spatial distributions of regressed SLP, T2m, Z500, and U300 are well established with a pattern correlation of more than 0.83 between CMIP5 and observation data. In addition, simulated teleconnections among the climatic indices including the EAWMIs are similar to observation. Because the characteristics of the EAWMIs and atmospheric variables in the EA region during DJF are well simulated, the boreal winter climate changes projected by RCPs are considered reliable and are analyzed further in more detail.
The projections indicate strong warming which increases with latitude ranging from 1 to 5 °C and from 3 to 7 °C under RCP4.5 and RCP8.5, respectively. This is due to the weakened SH and northward shift of AL, leading to the decreased horizontal pressure gradient between SH and NP regions, and resulting in the weakening of climatological northerly winds over Northeast Asia (Jiang and Tian 2013; Wang et al. 2013) . The warming over the high latitude inland region is stronger than over the low latitude ocean region, which indicates that the meridional thermal contrast over EA is weakened. This differential warming also induces the weakened meridional geopotential gradient over EA, and consequently U300 weakens and moves northward compared to Historical. Thus, this process exhibits the weakening of EAWM in RCPs, which is consistent with some previous results (Hu et al. 2000; Hori and Ueda 2006) but not with others (e.g., Jiang and Tian 2013; Wei and Bao 2012) . Jiang and Tian (2013) projected that the EAWM changes little over time as a whole relative to the reference period (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) using 31 CMIP3 and CMIP5 climate models with A1B and RCP4.5 scenarios. Wei and Bao (2012) showed that the winter wind speeds increased in China for the 21st century due to a strengthened EAWM under RCP4.5 and RCP8.5 induced by a single climate model (IAP_FGOALS) participating in CMIP5.It is worth noting that the projections of future EAWM change are somewhat model-and indexdependent (Jiang and Tian 2013) .
The decreasing trend in the EAWMIs and increasing trend in EA-T2m are significant in RCP8.5 compared to RCP4.5. The matching between years of projected weak monsoon and warm EA-T2m also remains valid in the RCP projections. However, the projected relationship between the strong monsoon and cold EA-T2m is not well matched compared to Historical. The projected interannual variations of the EAWMIs are significant, as in Historical. On the whole, the predominant periods of the EAWMIs in RCP4.5 are similar to those in Historical, but those in RCP8.5 are longer than those in Historical. This implies that the occurrences of strong EAWM are expected to decrease in RCP8.5.
The correlations between the EAWMIs in both RCPs are robust like Historical. However, the relations between the EAWMIs and other climate indices in RCPs differ somewhat from those in Historical. The negative correlations between the NP index and the EAWMIs (except for I WH ) in RCP4.5 are significant, similar to Historical, whereas those in RCP8.5 are weak compared to Historical. The relationships between NAO and NP indices increase in RCP4.5 and decrease in RCP8.5. The correlations between the EAWMIs and the AO index increase, while the correlations between the EAWMIs and the NAO index decrease in both RCPs compared to Historical. These results represent the increased complexity of predictability concerning the EAWM interannual variations in future projections (Wei and Bao 2012) .
The EAWM is characterized by strong surface northerlies along the coastal region, which curve around the east side of the SH. In the northern and southern parts (divided around 30°N), the EAWM is characterized by northwesterlies and northeasterlies, respectively. Therefore, the EAT2m index in this study (30°N-50°N, 110°E-140°E ) actually reflects the T2m change in the northern part of the EAWM region. According to previous studies (e.g., Wei and Bao 2012; Wei et al. 2015) , this actually delineates the first/northern mode of the T2m interannual variability in the EAWM region. Therefore, the EAT2m and the three EAWMIs used in this study are more favorable to describe the variation of EAWM in the northern part of the EA region (north of 30°N).
The uncertainties in climate projection result from the climate change scenarios, models and analysis periods. Furthermore, the observation error restricts our understanding of climate change and our knowledge of natural climate variability is also limited (Jiang and Tian 2013) . These limitations necessitate further research on climate change projection using various models and on the use of EAWMIs to reduce the degree of uncertainties. 
